
P1o~rcss  ill (hAs JII’1{”1’s  for .J-Kcl\irl  1[< rcadcru( applications,

I’hwturs  J. Cul]t)inglmt)l

CCIIIN  for Spacx Mictoclcc[ro]lics  ‘1’ccIIIIoIcv,y
Jet PIOpLIlSiCMI 1,al)or:itor)’/Califorllia  lns[itutc  of “1’cchno]ogy
MS 300-315 / 4800 Oalc Grow I)tivc,  Pasackma, CA 91109

A}\S’1’f{AC’J’

Galliul)l a~scllidc  junc(icrn  fIclcf-cfTccI  transistors (GAs  ]l:ll’l’s)  can h n]adc imIIIIIIIC to car[icr  frccmout, allowiIIg
tl]c]il to opc]atc normally fro]n  IOOHI tcmljcraturc,  ctowl] 10 4 K, ‘1’bis  rnakcs  Ci:iAs  Jl;li’I’s at[ractivc  for the rcaclout of
clctccior  ar I ays lbal opcralc  at ctccp cryogenic  tcl]tpcralurcs  (<1() K). ‘1’ypical 1 R rcadoul  apfrlica(ions,  however, require
ttallsistols  wit]) very low Imisc and cxlIcII]cly  low input leakage curtcnt,  and until rcccntly  the Icakag,c cuncnt of cl-yogcllic
GaAs ctcviccs  was too high for many 1 R rcactout applica[iom,  I{y using a rcccr]tly dcwtopcd 111~-bascct ctcbant  for GaAs that
is bi~l)ly  isotropic, ctchcd  GaAs  JF’I;  I”s have been f:lbricatcd  that have a gently tapered edge. ~’his ICCIUCCS  edge flclds,
which c.onscqwl(ly  rc.ducc.s the cd~c hmncling current, tbc dolninant  SOUICC  of lcalca~c currcn[  at 4 K. JFf13”s  with gale
lcakacc  cur!cmts  bcloIv 10”]5  amps at 4 K have been fabricated. “1’IIC fabricatioil  tccllltiquc, i]lcluding the isotropic ctchant,  is
discmscd. ‘1’hc leakage current al]d noise of tlIcsc Jklt”]’s  arc ptcscntcd and compared with previous dcviccs usins a
co]n’c]ltional  etch.

Kqvords:  GaAs JI~l I”I’, deep ctyogc.rlic, low tclnpcraturc,  int’rarcd dctccto]s,  readout clcctro]]ics,  carrier frccz.c-oul,  low
frcqucllcy  noise, lcakap,c cuncnt, III’ ctchallt.
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Fulurc ~,roulld-based, space-based, and ballooll-bo~]]c  tclcscol)cs  for illfratcd as([oncuily  \vill cJnploy ctctcckxs  cooled to
bclo\v  4 K. ‘l”llis includes pllotovoItaic  and ~~llotoco]lcl~icti~c  clctcctors  for IIN vciy lorIg wwclc]IgIb i]lflarcd  (VJ ,\VII<,
apploxinmtcly 50 pm to 200 }(IN wavclcngtb),  as WCII as bololl~ctc]s  for 100” pr~l to rt]illilt~ctcr-~}’:itrc  racliatioll,  For s[llall
allays  of SUCII ctctcctors  consist  i]l.g  of ICSS tliall  ICI I pixels or so, i[ previously hacl been acicqualc  to cool only tllc  detector
arlay to 4 K, and to run a wiIc from cacb pixel to a tvar]ncr colnpartll)cnt  col)[ai]ling  Ibc rcac] out clcc(ronics.  ‘1’ksc  wires
carrjr l)cat to tbc. COICI head, hou’ever, and they arc susccptib]c  to noise pickup, wllicb ]l~atccs  this approach impractical for
lar~)cr  al f:iys or for ullra-loty  noise levels clwisionccl  for flllurc  11< irlstlulllcm,

I’hc]cforc,  scvc~a] diffcrcl)t groups IIavc bccII cxplorirl~:  rcaclol)(  clcc[roIlics  ttmt call operate at 4 K aml below, and that
call bc placed 011 tlm cold kad imnic.dia(cly  adjaccnl  to tl)c dctccicrr  arfayl-6. Clearly suc]l clcctro]tics  nlus[ circunwcnt
carlicu flccz.c-ou(  allcl bc functiorla] at 4 K. T“hcy Inus( also dissipate 101v power, and lm’c Io\v noise and ittput  curlctit.  FoJ-
tbc Spxc  lnfrarcd q’c]cscopc  Facility (SII{”I’}F),  for cxamp]c, tllc ~caclou[ clcctro]lics  arc required (o dissipate lCSS lhal)
10 p\~ pcr cha]ltlc], ]HVC ]CSS t]lat~  ]()() electrons pc~ scco]ld  illpul  cur[cllt,  and lI:I\C an i]ljmt-refer ICd VOltap,c  noise of Icss
tlI:iII  1 I(V/}17.1’2  at 1 }17.,

JI’I, has bccII cxplori]]g  CiaAs Jh’l;l’-bascd electronics fol SUCII applicatiol~s  for the past  sc\rclal  ycaIs7’8.  Ilccausc  of [IIC
vcIy SIIHIII clcciIcm cffcctivc  mass in Cla As, rnodcralcly dopcct  II-type Cia As call bc ]I)aclc  illlmuuc  to earl icr fIcc/.c-out, altd a
p I 011 n J} I’JIT catt bc maclc  that ]vill  opcra[c nornlally  f[om rooll) tclllpmaturc  dcnill  to 4 K, We bavc cotlccl]tra[ccl  ON JI’l+XS
]athcl  tl]:lli M113}:113’s  bccausc  tllc hi@lcr  g,a[c banicr  prcn.idccl by tl)c p-II jullctio[)  ill tl[c J[~li’1’ rcduccs  tlic gate lcaka~c
cutlc]lt  rclati~’c 10 rnctal  Schottky ~atc in a M1[SFI;’I’,  ‘1’bc  pritlcilvll  challcl]p,c lm bccl] to rcdilcc tbc l~oisc ald p,atc  lcakacc
CUI icnt to acccptab]c levels.
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“1’hc clcvicc  stIuctuIc is show in I~ig, 1, IIIC dcvicc collsis(s  of a p-type ga[c otcr 11-type channc],  an un(lopcd  spacer,
a]]d a scl]li-illslll:]tillg  substrate. ‘1’hc hrycr structure is gtowm  by MlIF,. and w@ cltcnlicat  etching is usccl  to etch back the
layc~s,  l)ctails  have been previously discusscd~,

l;ig,  1: ‘t’hc struc(ulc of tlw GaAs JO’Ii’l’ p~oduccd by Ml)Ii growth and etch-back. I’hc ulldopcd bufl’cr is
approxima[c]y 1 pm thick. ‘1’hc n-type channel is 3750 ~ thick and doped with silicon to 5x 1016 cm”3. ‘1’hc
p-type .gatc is 500 ,L! thick and is doped to greater than 5X 10’$ cm”3.

P1c\’iously dcviccs  were nwlc using a scif-aligned gyltc etch with an rr[tllno]lium  hydroxide based etch. That is, the l’i-
P[-Au gate mctaliza(ion  was pa((crnc~ by lif[-off,  during which the photo]  csis( was removed. I’his l’i-l}l-Au  mc(al contact
wws then used as IIIC mask for etching away the p I GaAs to define the gate. 3’lIc ctchan{ was a mixture of amn]onium
IIydroxiclc,  hyd]ogcn peroxide and water (11 :4:550  by vo]umc).  q’hc same ctchant  was used with a photorcsist  mask to etch
down 10 lIIC sc[ni-insulating substrate, to clcc[rically  isolate onc Jl;l(rl’  from allotllcr. For the rcmairdcr  of the paper, this
ptoccdurc  will bc rcfcrlcd to as tiIc “old process.”

lJsing the gate metal as a mask requires only  onc mask lc\Icl to crca(c tllc entire gate structure, and it resulted in
functiol}al  dcviccs, Ncvcrthclcss,  there \vcrc several problems with this pIoceduI-c, First, there is some edge roughness in the
ga!c mctali~atiolj  duc to the nature of the lift-off process. 3’his  edge roughness is dup]icatcd  by the etch in the self-aligned
process. ‘J’his  sulfacc rougl]llcss  tc]~ds to cnhallcc  tllc field in locali~.cd  spots. ‘1’here is also solnc undercut, and nlcta]
filaItIcII[s  can fall over the edge of the gate, forming a small Schot[ky barlicr diodes bctwccn the gate mctaliz.a[ion  and Ihc
n-type channc], I]otb  the flcld  cnhallccmcnt  and Ihc parasilic  Schot(ky  contacts tend to illcrcasc  the leakage turf-en!,

Iior this ]casol~, wc began fabricating dcviccs  using a second procedure, III this proccdurc,  a photorcsist  mask is used
foI lIIC gate etch, 3’lIc gate mctaliy,ation  is gill doltc using lift-ofT, but in a separate s(cp rather than self-aligned as in the
pscvious ploccdulc.  “1’hc  nmsk set is dcsip,ucd so that the gate nlctal  edge falls by scvctal  lllic~ons  illsiclc (hc edge of the p-
lypc GaAs formed by the gate etch, elillli~lating  an)’ chance of n}ctal ovcllmngin~ oltto  tllc Ii-type GaAs.

Additionally, tlic  chc.ruistrjr  of the WCI cl)cnlical  ctcharlt  lV:IS cllallgccl.  Mixtu]-cs of ]Iycjrogcn  peroxide and an acid or
base all work by usiltg (11c hydro?,cn peroxide to oxidize the GaAs to form gallium oxide aid arsenic oxide. l’hcsc oxides
arc tllcn dissolved by tl]c acid or base. Iivcn ill dilute mixtures, ho\vcvcr, mos[ ofthcsc ctchcs  arc not perfectly isotropic, and
CYIII result ill a retrograde etch wall profile ou tl}c 110 faces,

A I~c\v, n]orc isotropic ctchant has rcccntly been dcvclopcd based On al) l@I ofllloric acid/ hydrogc]l peroxide/ \viltcr

systcm9. ‘J’hc peroxide oxidi~.cs  the GaAs as before. Ordinarily, arsenic oxides dissolve Inorc rapidly in acid/peroxide
solutions. III fact, arsenic oxide has SOmC volubility in pure wa(cr, It is bclicvcd, however, that IIF naturally has more of an
aftllli(y  for galliul]~  oxide, In a dilute solution, this cou]ltcrs  the natural tcnclcncy for the arscllic  oxide to dissolve faster,
nlaki[lg  tllc dissolution] rates rou~hly equal. T’his  keeps the ctcll diffusion limited atd conscqucntiy  isotropic,
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I’hc collccn(raiion  of 2:10:1000” IIIZ:IIZOZ:IIZO was used for the gate CICII,  ‘1’hc  C(C}L ra(c is approximately 200 A/tllia,  A
slighd~  IC.SS dilulc  conccntratioil  of 2:10:200 was used for the mm etch, The etch rate of (his solution is approximatc]y
2(K)() A/mia. For the rclnaindcr of the paper, this procccfurc using a separate gate etch and mctaliza(ioa  ~vith the } lf;-based
ctchant  wilt bc rcfcrrcd  to as the “new process, ”

~. A COMPARISON OF GATfi~U~RENrI’ IN JFH’S FAIIRICAI’F,I) BY~’}11{  01 J) AN I) N~~W Pf<OCESSES,

I’hc gate lcatmgc curlcnt  vs. gate voltage of JFIj’I’s  fabricn(cd  using the old process were measured using the circuit
SIIOW ill Fig. 2. ‘1’hc mulling  Icakagc currcat for a typical JFH’1’, in this case ring geometry JF}i-I’  2(I }m long and
125(I }Lm in circulnfcrcncc,  is shown in Fig. 3. The curlcnt rises above the 1 pA noise floor a( a Rate vol(a~c of
applosit]latcly  -6.5 V, and incrcascs  to almost-] nA at a gate vo]tagc  of -10 V,
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Fig, 2: 1’llc circuit used to n~casurc the gate leakage current, AI] }1P4 14511 scmicondactor  parameter
aaaly~,cr is used as aa ammeter to measure gate leakage vs. voltage down to a noise floor of appr-oximatcly
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F’ig.  3: I’hc gate leakage curfcnt  as a function of voltage lllcasurcd  usitig  the circuit shomm  in Fig, 2, for a
ring Jf~li’1’ 1250 pm in cilcumfcrcncc  and 20 pIII fong made using tflc old process, I’fic noise floor is
approxilnatcly  1 pA,
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By comparing the outpu[ voltage vs. the injcclcd signal, and kno}ving Al, and the capacitance C2, it is possible to
calculate the remaining capacitance CX.

For the n~casurcmcnts  reported bclo}~,  the JFEI’ under tcs( was a rectangular structure 20 w ~~idc aml 25 w 10IIg. VIM)
was SC1 103 V, and lhc load bias current on the source of the JFET was 10 I(A. C2 was a discrctc  1 pF capacitor,

For the gain mcasurcmcnt,  the ou(put varied linearly from 1,21 to 3.10 V as the reset voltage was sivcpt  from 0 to 2 V,
implying a gain of AV=(),94. For the capacitance mcasurcmcnt,  the circuit was first DC biased by setting tllc reset voltage to
1 V and toggling Q2 on and then off, Bccausc  of the leakage is so small when the circuit is cold, this bias remains
essentially unchanged during the duration of the AC mcasurcmcnt.  A l-k}lz  signal of 1 V an~plitudc was then injcctcd  onto
the test point. The resulting output  vo]lagc amplitude was 40 n~V. The capacitance can bc calculated using Eq. 2, below

Eq. 2

The capacitance Cx calcu]a(cd  using Eq. 2 and the measured values was 22.6 pi’. ‘1’his indicates that  there is a great deal of
stray capacitance, since the capacitance of the discrctc capacitor C 1 was 1 pF, and the capacitance of the JFET was only
0.35 p~i. Probably the stray capacitance comes n]ainly  froln the drain and package capacitance of Q2, together with tracc-to-
ground plane capacitance on the circuit board. For the Icakagc test, the injection tcsl point conncctcd to C2 is grounded, so
the to(al capacitance Cl is the sum of C2 and Cx, or Cl = 23.6 pF,

F’or  the actual leakage test, the reset ~~as set to 1 V and Q2 was then toggled on and off as dcscribcd above. I’hc rcsc[
vohagc was then rchmcd  to O V after Q2 was off. The output voltage VO was then rccordcd  as a function of time. The
resulting VO w. time for the JkYf is shown in Fig, 6. ~’hc output voltage varies by approsimatcly  41 nlV o\’cr the 29 minute
integration time. Using the calculaicd  gain and capacitance with Fq. 1, the calculated leakage current is:

Jldoge = 0.59 fA Eq. 3
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137
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F_ig, 6: T’hc source-follower output vol[agc  VO as a function of tin)c, from the lcaka~c  current integrator
shown in Fig. 4, for a rcc[angular  JFET fabricated using the ncw process, The entire circuit was hc]d at
4 K, I’hc total integration capacitance ~vas measured as 23.6 pF.
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‘J’hc inpu(-rcfcrrcd vo]tagc noise for a JFfiT fabricated usi]lg  the old process ancl a JfF;T fabricated using the ncw
process arc compared in Fig. 7. The old JJWT was a ring structure 1250 pm in diameter and 20 pm long, with a capacitance
of approximately 18 pF. The ncw JFETs is a rectangular structure 300 }un wide and 100 pm long with a capacitance of
21 pF’. Both JPXTS were biased at 1 pA drain currcn[; the drain voltage was 1,0 V for (11c old JFET and 0.6 V for the ncw
JFI~I’.  Roth curves arc characteristic of 1 /f noise.

Old JI~IJ’1’  1250x20, VDS = 1.0 V

Ncw  Jl;li’l’  300x IO0, VL,~ = 0.6 V

1 10 100
};rcqueocy  (}lz)

Fig. 7: l’hc input-rcfcrrcd voltage noise at 4 K for a ring JFIjT (1250 pm circumfcrcncc by 20 pm long)
fabricated with Ihc old process, and Ihc comparable noise for a rectangular JPH (300 ~ml wide by
100 pm long) fabricated with the ncw process, 7’lIc noise spike at 60 } Iz. is duc to pickup of line frequency
noise. The sJ)ikcs at 35 Ilz and t10 }Iz arc signats illjcctcd  10 calibrate the gain, and the sJJikc  at 70 IIz is a
harmonic of the 35 lIz. fllndamcntal.

~. SLJMMARY

A ncw gale etch process has been dcvclopcd  that subs[an[ially  improves the pcrfor]nancc  of JFItTs intended for deep
cryogenic operation. Where before the etch was done using an ammonium hydroxide-based c[chant and using the gate
mctalization  as a HlaSk, the JICW proccdurc  scpara(cs  the l>ilololit}logral)  ]ly for the gate Ctch and the gate mctalizatioJl  into
tw’o steps. In addition, a more isolroJ)ic  HF-based ctch is w.cd, The JICW proccdurc  rcduccd  the ga[c leakage by many orders
of magnitude, f]o]n Icakagc OJ] lhc order of a pA to lCSS than OJIC fA. The noise is also rcduccd  sonlcwhat,

q’hc noise altd leakage performance arc closing in OJ1 those required for deep cryogenic space astronomy missions SU(;}I

as SIR7’F. l;urthcr  work is presently underway including the fabrication of more discrctc  JI%Ts using the JICW proccdurc,
and charactcrimtion  of their ga[c
JJlultiplcscrs.
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